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Abstract

Background. Hirschsprung’s disease-associated enterocolitis (HE) is a life-threatening septic complica-
tion of Hirschsprung’s disease (HD), leading to bacterial translocation (BT) and sepsis. Many factors, such
as intestinal stasis, HD-related inherited immune disorders and abnormal mucosal secretion have been
implicated in its pathogenesis.

Objectives. To investigate the effect of intestinal stasis as an independent factor in the pathogenesis of HE
intestinal lesions and its systematic effects.

Material and methods. The rectal ganglion cells of 46 Wistar rats were chemically ablated through local
benzalkonium chloride (BAC) injection, in order to create a HD model (megacolon rats) that does not carry
the possible genetic burden of HD. The animals were sacrificed either on the 20™ or 257 day after ablation
and were examined for histopathological changes on the wall of the small intestine, presence of bacterial
translocation in body organs, body biometrics, and white blood cell count (WBC) and hemoglobin concentra-
tion. The results were compared to control animals.

Results. In the megacolon rats, severe damage on the small intestine as well as BT proportional to the extent
of theintestinal damage and to the time elapsed after ablation was observed. Significant effects on the WBCs,
hemoglobin concentration and biometric parameters were also observed.

Conclusions. In megacolon rats, intestinal stasis can lead by itself to a full-blown HE. The HE lesions that
promote BT are present even in regions distant from the aganglionic bowel and are proportional to the time
elapsed under the influence of intestinal stasis. Systematic effects such as growth retardation are also produced.
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Introduction

Hirschsprung’s disease (HD) is a congenital disease
characterized by a lack of ganglion cells in a segment
of the terminal bowel (aganglionosis), causing functional
obstruction and distension of the proximal bowel (megaco-
lon).}? In 6-26% of HD cases, Hirschsprung’s enterocolitis
(HE) can develop, which is accompanied by considerable
morbidity.?3 The pathogenesis of HE appears complex
and is not completely understood.* It presents with both
gastrointestinal (GI) and generalized symptoms ranging
from fever and diarrhea to bloodstained stools and septic
shock, while in chronic cases it affects somatic growth.>7

Initially, gradual intestinal obstruction, bacterial over-
growth and bacterial translocation (BT) were proposed
as causative mechanisms.® However this has been repeat-
edly questioned, because HE can occur even after surgical
correction of HD, or after decompressing colostomy.® This
led to the investigation of additional possible HE causative
factors, such as deficiency of the immune system and com-
promise of local intestinal mucus production.!®12 These
factors could be inherited through complex HD genetics.*

The goal of this study was to investigate whether agan-
glionosis-induced intestinal stasis can by itself cause HE.
In order to eliminate the interference of other possible
HD-related factors, we used an animal model without
HD genetic burden, in which aganglionosis was created
through local chemical ablation of ganglion cells. We in-
vestigated the effects of intestinal stasis by studying the de-
gree of intestinal damage, the degree of BT and the effects
on somatic growth. This information could lead to a better
understanding of the pathophysiology of HE and to a more
targeted and timely management of the patients.

Material and methods
Animals

A total of 62 Wistar rats aged 28 days were used. All the
rats were obtained from the same breeding center. They were
housed in macrolon cages, 1 rat per cage, at 20-22°C room
temperature. The rats were fed with standard rat chow diet.

Five of our animals were used in a pilot study to establish
the appropriate time for sacrifice, in order to study the ani-
mals at 2 different stages of disease, but without death
ensuing. These rats were ablated as described below and
monitored at least once a day for symptoms of decreased
activity, poor feeding and abdominal distension; stool pro-
duction, weight and height (nose to rump length) were also
measured. We observed that at least 2 symptoms were pres-
ent by the 18" day after ganglion cell ablation. Two rats,
randomly selected, were sacrificed on the 20" day post-
treatment and 3 on the 25" day. These animals were as-
signed respectively to the M20 and M25 groups of animals,
according to the investigative protocol, as described below.
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Experimental design

The animals were randomly assigned to 4 groups as fol-
lows: group 1 (N) (n = 8) — animals with no treatment;
group 2 (S) (n = 8): sham animals, injected with saline
in the submucosa of the colon; group 3 (M20) (n = 23): mega-
colon animals, treated for chemical ablation, as described
below, sacrificed on the 20" day post-treatment; group 4
(M25) (n = 23): megacolon animals, treated for chemical
ablation, as described below, sacrificed on the 25" day
post-treatment. We refer to group 1 (N) and group 2 (S) col-
lectively as “ganglionic” animals. We refer to group 3 (M20)
and group 4 (M25) collectively as “megacolon” animals.

The animal protocol was approved by the State Institu-
tional Animal Care and Use Committee and by the Ethics
Committee of Animal Research, Aristotelion University
of Tessaloniki.

At 28 days of age, nonfasted ganglionic littermates
(groups N and S) were anesthetized by intramuscular in-
jection of 30 mg/kg ketamine hydrochloride. Body weight
and body height were measured. Blood was collected
from the lateral tail vein at the start of the study and from
the aorta at the time of sacrifice.

The animals of groups M20 and M25 were anesthetized,
positioned supine and were injected at 8 points of the rec-
tum circumference between 0.2 cm to 1 cm above the anal
verge with 50 pL of 0.1% benzalkonium chloride (BAC)
solution in deionized water. A 22-gauge needle attached
to a 50-pL micro syringe was used. The injection site was
marked with India ink 1:100 (vol/vol). Group S animals were
subjected to the same procedure using 0.9% NaCl solution
instead of BAC. There was no intervention in group N.

On the day of sacrifice, the animals were anesthetized.
Their abdominal fur was shaved and the skin was cleaned
and disinfected with iodine solution. The abdomen was
opened through a 4 cm midline incision. Blood was col-
lected from the abdominal aorta and the internal organs
were collected under aseptic conditions for bacteriological
investigation. The rats were then killed by infusing potas-
sium chloride (KCI) in the heart.

Organ sampling for bacterial
translocation assessment

For BT assessment, the mesenteric lymph nodes (MLN),
spleen, liver, kidneys, and lungs were collected separately,
weighed and homogenized in 9 mL sterile pre-reduced 1:4
Ringer’s solution, seeded in culture media and incubated.
Each type of colony was submitted to Gram staining, cata-
lase assay and anaerobic assay.

Blood sampling
White blood cells were evaluated according to stan-

dard laboratory methods. For hematological analy-
ses, 1 mL of blood was collected in an anticoagulant
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(ethylenediaminetetraacetic acid (EDTA)) tube. A Coulter
T890® device (Beckman Coulter, Brea, USA) was used for
white blood cell count (WBC).

Histological preparation

The entire intestine (including the anus) was excised,
washed gently with cold phosphate-buffered saline (PBS)
and fixed with 10% neutral-buffered formalin at room
temperature for 48—72 h (Fig. 1). Specimens 1 cm long
were sampled from the terminal ileum (5 cm proximally
to the ileocolic valve) and cut into segments. All specimens
were immersed in alcohol and xylol, and then embedded
in paraffin. Examination was performed on 4—6 pm he-
matoxylin and eosin (H&E)-stained sections. Four sections
from each rat were examined. Light microscopic studies
were reviewed in a blinded manner. Tissue damage, sever-
ity and the depth of inflammation were evaluated, accord-
ing to criteria listed below.

Fig. 1. Intestine of megacolon rat showing the reduced diameter
of the rectum (R) and sigmoid (S)

Histological grading system

Mucosal lesion damage was assessed and graded ac-
cording to the “tissue damage degree” criteria proposed
by Chiu et al.!* (Table 1). The severity and depth of in-
flammation were scored separately according to the his-
tological classification system described by Cheng et al.1*
(Table 1). The highest score obtained in each parameter
in each animal was recorded. Their sum represented
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Table 1. Histological findings, total damage and enterocolitis grading
system
Histological findings | GRADE
Tissue damage
Normal structure of villi 0
Development of small subepithelial space at the villous 1
apex
Enlarged subepithelial space but without change 5
in villous length and width
Few shortened villi and presence of cells in the lumen 3
The majority of villi are shortened and widened with 4
crypt hyperplasia and cells in the lumen
Blunting of all villi with elongated crypts and increased 5
number of cells in the lumen
Severity of inflammation
No inflammation, rare neutrophil 0
Mild inflammatory infiltrates, no necrosis 1
Moderate to marked inflammatory infiltrates and 5
mucosal necrosis
Transmural necrosis 3
Depth of inflammation
None 0
Mucosa 1
Submucosa 2
Muscularispropria 3
Subserosa and serosa 4
Total enterocolitis score
Severity of inflammation grade + depth of inflammation = range: 0-7
grade
Total damage score range: 0-12
Total enterocolitis score + tissue damage grade 9e

the “total enterocolitis score”.!* To take under consider-
ation all the above parameters, we used a combined score
— the “total damage score”, calculated by adding the “total
enterocolitis score” and “tissue damage grade” (Table 1).

Statistical analysis

Before the beginning of the study, a sample size calcu-
lation was performed with 80% power and an error set
at 0.05 (two-sided). The Kruskal-Wallis test was used for
comparison of the parameters due to the non-normal dis-
tribution. Then, the Mann-Whitney U test was used for
pairwise comparisons of the groups when a significant
difference was obtained. The data was presented as means
and standard deviation (SD), and p < 0.05 was considered
statistically significant.

Results

All rats survived during the experimental period.
The histological examination of the BAC-treated rectums
confirmed the ablation of intestinal ganglia in all of these
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Table 2. Comparison of histological findings, hematological findings, weight (Weight_e) and height (Height_e) between the groups at the time of sacrifice.
Means +SD are reported. P-value <0.05 indicates groups are significantly different

Variable

normal (n = 8), sham (n =8), M20 (n =23), M25 (n =23),
mean £SD mean £SD mean £SD mean £SD

Tissue damage 0+0 0+0 31413 4.7 £0.5 <0.001
Severity of inflammation 0+0 040 1.6 £09 25405 <0.001
Depth of inflammation 0+0 0+0 11411 32+09 <0.001
Total damage score 0+0 0+0 6+3 104 +1.7 <0.001
Height_e [cm] 27.63 £1.99 27.00 £2.56 22.35+£1.22 22.78 £0.99 <0.001
Weight_e [g] 243.00 £1.77 242.88 £1.88 23148 £3.14 230.78 £2.02 <0.001
WBC_e [10%/ul] 715 £1,628.32 7,362.50 £1,281.67 11,947.82 £4,775.11 13,234.34 £8,554.30 <0.017
NEUe [10%/uL] 3,383.38 +£722.85 3913.38 £973.06 10,061.70 £4,311.34 11,588.35 £7,840.43 <0.001
Hb_e [g/dL] 12.53 £1.01 12.37 £1.06 10.53 £1.54 11.29 £1.30 0.001

SD - standard deviation; Weight_e — body weight at the time of sacrifice; Height_e — body height at the time of sacrifice; WBC — white blood cells;

NEU - neutrophils; Hb — hemoglobin.

animals. Non BAC-treated animals (Normal and Sham
groups) did not produce histological signs of ganglion ab- 07
lation, as expected. 28
£
Biometric parameters E, 7
2] = T —
Between the 17" and the 20" day, the megacolon ani- 3 ) [ | [ |
mals began eating less food and produced less fecal ma- e -
terial. By the 25" day, all megacolon animals showed de- 20 : : > .
normal sham M20 M25

creased activity, poor feeding, less stool production, and
abdominal distension. All rats continued to gain weight
and height. However, the body weight at the time of sac-
rifice in both M20 group (M20 Weight_e: 231.48 +3.14 g)
and M25 group (M25 Weight_e: 230.78 +2.02 g) remained

groups

Fig. 2. Nose to rump length at sacrifice (Length_e) [cm] in N, S, M20, and
M25 groups at the time of sacrifice (means +5D)

significantly lower, compared to the respective param-

eters in the ganglionic groups (p < 0.001). The body 245 7 | |

height at the time of sacrifice in the M20 group (M20 N

Height_e:22.35 +1.22 cm) and M25 group (M25 Height e: ~ § *** ] 0

22.78 £0.99 cm) remained significantly lower compared E 235 8

to the rats of the ganglionic groups (p < 0.001) (Table 2, = I':r—l —l_

Fig. 2,3). Differences in weight and height between the M20 2 2304 | | =

and M25 groups were not statistically significant. ElE

225 T T T

normal sham M20 M25

Histological examination
of the terminal ileum

No injury or inflammation was observed in the N and
S groups (Fig. 4), which showed normal mucosa and
glands. However, in the M20 and M25 groups, the intes-
tinal structure was damaged (Fig. 5,6). Epithelial ulcer-
ation and infiltration with a mixed leukocyte population
were observed. Denuded villi were discovered, accompa-
nied by expansion of the subepithelial space with mod-
erate or massive epithelial elevation. The total damage
score in the M25 group was significantly higher than
in the M20 group (total damage — M20: 6 +3 vs M25:
10.4 £1.7) (p < 0.001) (Table 2).

groups

Fig. 3. Weight (Weight_e) [g] in N, S, M20, and M25 groups at the time
of sacrifice (means +SD)

Bacterial translocation

All rats were tested for the presence of bacteria in their
MLN, liver, spleen, kidneys, and lungs. No bacteria were
cultured from these organs among the control and sham
rats. Escherichia coli, Enterococcus spp., Bacillus, Pro-
teus mirabilis, and Clostridium spp. were isolated only
among the megacolon groups. Escherichia coli translo-
cated at a higher incidence compared to other bacteria.
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Fig. 4. Sham animal. Histological section showing intact epithelium.
The number of lymphocytes and plasma cells in the lamina propria are
within normal limits. H&E staining, bar: 500 um

Fig. 5. Megacolon animal, M20 group. Histological section demonstrating
ulceration of the epithelium and moderate infiltration by a mixed
leukocyte population. H&E staining, bar: 500 pm

Fig. 6. Megacolon animal, M25 group. Histological section demonstrating
severe destruction/necrosis of the epithelium extending to the lamina
propria and infiltration by leukocytes. H&E staining, bar: 500 um

Escherichia coli was observed in 73.9% of the rats in the M20
group and, more specifically, in 65.21% of the mesenteric
lymph nodes, 34.78% of the spleens, 30.43% of the livers,
26.08% of the kidneys, and 4.34% of the lungs. All M25
rats showed viable E. coli bacteria in extra-intestinal sites:
in 100% of the MLN, 78.26% of the spleens, 91.3% of the liv-
ers, 69.56% of the kidneys, and 60.86% of the lungs.

Hematological findings

The megacolon rats showed a significant increase
in the number of WBC and neutrophils (NEU) com-
pared to the ganglionic rats (Table 2, Fig. 7,8). Among
the M20 and M25 groups, WBC count was significantly
different (M20 WBC_e: 11,947.82 +4,775.11/uL vs M25

40,000 —
30,000
¢
9]
@ 20,000
= I__I__I
10,000 - —_ | ]
[ ] | —
L =
0 T T T T
normal sham M20 M25
groups

Fig. 7. White blood cells (WBC) in N, S, M20, and M25 group at the end
of the experiment (means +SD)
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Fig. 8. Number of neutrophils (NEU) in N, S, M20, and M25 groups
at the end of the experiment (means +5D)
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Fig. 9. Hemoglobin concentration levels (Hb) [gr/dL] in N, S, M20, and M25
groups at the end of the experiment (means +SD)
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WBC_e: 13,234.34 £8,554.3/uL) and NEU (M20 NEUe:
10061.70 +4,311.34/uLvs M25NEUe: 11,588.35 +7,840.43/uL).

There was a significant reduction in hemoglobin concen-
tration between the ganglionic and the megacolon groups
(normal Hb_e: 12.53 +1.01 gr/dL vs M20 Hb_e: 10.53 +1.54
gr/dL vs M25 Hb_e: 11.29 +1.3 gr/dL) (Table 2, Fig. 9).
There was no significant difference between the M20 and
M25 groups (p = 0.117).

Discussion

Hirschsprung’s enterocolitis is characterized by severe
inflammation of the intestinal wall, intestinal distention
and sepsis that can lead to death.! Many factors have been
studied to explain the etiology and development of HE
as well as its consequences.

Historically, the first proposed etiologic mechanism for HE
was fecal stasis proximally to the aganglionic segment caus-
ing intestinal distention, which in turn increased intestinal
permeability and promoted bacterial invasion and translo-
cation. However, this mechanism does not explain neither
the occurrence of HE in patients with HD without distended
bowel (such as those after decompressive colostomy, or those
with surgically corrected HD) nor the presence of HE lesions
in the aganglionic bowel segment.!1°

This paradox has led researchers to investigate the effects
of many other factors of the development of HE, acting in-
dependently or in concert, such as microbiome alteration
and impaired mucosal barrier function. These can be caused
by variations in the components and amount of mucus,
immunological deficiency, either local or systemic, with
deficient white cell function, mucosal immunity defects,
increased prostaglandin E1 activity, impaired motility as-
sociated with protein sensitization, and sucrase-isomaltase
deficiency.!1216-20These conditions could be the expression
of the complex genetics of HD.?! Increased HE risk in pa-
tients with Down syndrome,?*23 cartilage-hair hypoplasia,?*
family history of HD, and female sex point to a possible
genetic contribution to the etiology of HE.?® The presence
of major associated congenital anomalies involving either
the cardiac, GI, genitourinary, or central nervous system
is also correlated with a more severe course of HE.?!

Despite the fact that an ever-growing number of HD-
associated mutations have been shown to be associated
with a more severe morbidity, especially in the Ret-GDNF
and ET-3-EDNRB genes, no precise genetic abnormality
has been shown to cause HE.2%%”

Several studies report that HE seems to be more com-
mon in patients with a longer aganglionic segment, but
it is not clear whether this tendency is related to the un-
derlying long-segment HD genetic predisposition.?

Other risk factors not connected with genetic predisposi-
tion have also been implicated in the development of HE.
Among these is delay in HD diagnosis, the type of sur-
gical operation, and the development of postoperative
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complications such as strictures and obstruction.”* These
factors could act by creating reservoirs for stagnant intes-
tinal contents that favor chronic inflammation, ulceration
and impaired motility.

In order to exclude the confounding factors present
in genetic HD animal models, we used a chemical model
of HD instead of a genetic model and we investigated
the effects of intestinal stasis on the intestinal wall, which
is not adjacent to the aganglionic segment and not directly
affected by the alterations in the mucosa caused by induced
aganglionosis. We also examined the presence and extent
of BT under the absence of HD-related genetic factors.

In order to ablate the ganglion cells and create HD con-
ditions, benzalkonium chloride (BAC) was injected into
the anorectal wall of normal rats. It is a cationic surfactant
agent that adheres to the cell membrane, causing irre-
versible depolarization, injuring the cell membrane and
producing severe cell damage and cell death.?Its use for
this purpose was first described by Sato et al. in 1978.3°
Researchers have practiced BAC injections either directly
per annum or during laparotomy.30-32

We used the per annum endorectal injection model, be-
cause it causes less mortality.3? It has been observed that
ganglion cell ablation occurs around the 14 day after
BAC treatment, as evidenced by histology 3? and clinical
symptomatology.

To our knowledge, experimental studies on HE*-**have
only been performed on genetic HD models. Fujimoto
et al., using the piebald-lethal (PL) model,3*% reported
significant histological evidence of enterocolitis in the gan-
glionic portion of the colon, accompanied by acute spleni-
tis, but no bacterial cultures were performed.

On the contrary, Caniano et al., using the same model,'
found no evidence of enterocolitis in the colon, whereas BT
was present in only 10% of mice sacrificed between 12 and
70 days of age. However, BT was present in 38% of sponta-
neously dying mice. In their opinion, these findings suggest
that other mechanisms, in addition to local colonic inflam-
mation, contribute to the development of HE. By studying
IgG, IgM and IgA levels, they concluded that a reduction
in immunologic integrity was the reason for sepsis. How-
ever, their search for BT and HE lesions was conducted
only on the spleen and the colon, respectively. Although
the genetic model used in the 2 abovementioned experi-
ments was the same, the lack of predetermined criteria for
enterocolitis and differences in animal care and housing
conditions may have contributed to different results. Other
investigators have performed detailed studies on the HE
lesions and patterned classifications regarding the grade
of inflammation.!*

Our findings suggest that HE lesions can develop after
fecal stasis, regardless of genetic or other local contributing
factors. These can appear even in the small bowel, away
from the obstruction site. These lesions could act as gate-
ways for BT through the lymphatics and mucosal blood
vessels towards the portal and systematic circulation.®



Adv Clin Exp Med. 2019;28(10):1429-1436

Fecal stasis can also develop after scarring of severe in-
testinal lesions or adhesions following the operation for
HD stasis and may trigger new HE lesions.*” These possible
events may explain HE occurring in patients with success-
ful HD surgery or who carry a stoma.’

We investigated many extra-intestinal sites for BT and
we found a strong positive correlation between total intes-
tinal damage score and cultured bacteria on MLN, liver,
spleen, pancreas, kidney, and lung tissues in our megacolon
rats, suggesting a causal relation between HE lesions and
sepsis. Bacterial translocation was observed in the MLN
in a considerably larger number of cases than in the spleen
or other organs. Escherichia coli translocated to a higher
frequency compared to other bacteria and this could be
the consequence of its abundant colonization in the bowel.
During the 5-day interval between the M20 and M25
groups, there was a significant progression of the tissue
damage and increase of inflammation markers, as well
as increased frequency and spread of BT, even to the lungs.
This coincided with a deterioration of body homeostasis,
as shown by WBC counts and biometric parameters.

The increase in WBC and NEU counts observed
in the megacolon groups is consistent with the presence
of intestinal inflammation and BT (Table 2) (Fig. 3,4).
However, the increase of WBC count between the M20
and M25 groups, while statistically significant, was not
proportional to the escalation of the intestinal inflamma-
tion and BT, which may be due to the variable response
of individual mice to the extreme septic burden. In some
of these, overwhelming sepsis suppresses the bone mar-
row and reduces WBC production®® while in others
the immune system is still able to react more effectively.
It is likely that for this reason, the WBC values obtained
in the M25 group are more widespread than in other
groups (Fig. 7, Table 2).

In the present study, all of the megacolon rats experi-
enced reduced food intake and decreased excretion of fe-
ces by the 18" day after endorectal injections. This was
reflected in their biometric growth indices in the M20
and M25 groups (Table 2). This is in line with the findings
of other researchers, that anorexia, reduced caloric intake
and increased catabolism are prominent during sepsis.

The present study suggests that the intestinal stasis itself
may be the causative agent that can affect the intestine,
even at a distance, causing HE and leading to bacterial
translocation, systemic inflammation and sepsis. The de-
velopment of HE lesions is gradual, and so is the intensity
and extent of BT. Sepsis could affect the growth and de-
velopment of the animal’s body both through decreased
food intake and increased catabolism.

Conclusions

Our study shows that HE can develop as a consequence
of intestinal stasis alone.

1435

Functional intestinal obstruction results in inflamma-
tion of the intestinal wall and BT to regional lymph nodes
and distally located organs. Escherichia coli translocate
to extra-intestinal sites at a higher frequency compared
to other bacteria. The severity of the lesions of HE and
the extent of BT is proportional to the time elapsed since
the onset of intestinal stasis. Systematic effects, such
as an increase in WBC and NEU counts, are also promi-
nent. The decrease in hemoglobin concentration and re-
straint of somatic growth may result from inflammatory
stress, sepsis and reduced food intake.
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